Abstract. A class of atmospheric constituents used as tracers of stratospheric flow are chemically long-lived in comparison with timescales of interest and exhibit gradients due primarily to time-dependent mixing ratios at the tropopause. In general, the stratospheric transport properties derived from such tracers depend on the nature of their time wariation. To explore the relationship between timescales associated with the propagation of tracer mixing ratio signals and bulk transport properties, we have used two three-dimensional chemical transport models to simulate the age spectrum (the distribution of transit times of mass present in air parcels) of the stratosphere. From the age spectrum the stratospheric response to any time-varying tropospheric forcing may be deduced. The modeled age spectra are broad, indicating a range of transit times present in air parcels, and asymmetric, so that the mean transit time, called the mean age, is much larger than the modal transit time. Furthermore, the phase lag time of an oscillating signal (e.g., the annual CO• cycle and lower stratospheric HaO) and the mean age are not timescales characterizing the same transport property. Periodic signal phase lags do not represent "mean transit times" and, in general, cannot be readily related to bulk transport properties. However, if the age spectrum is peaked enough, as it appears to be in the lower tropical stratosphere, periodic signal phase lags approximate the modal time.
. In the case of CO2 the signal is forced at the surface by the seasonal variations of photosynthesis and respiration. For stratospheric water vapor the signal appears to be forced by the annual cycle in the tropical tropopause temperature, although the details remain poorly understood. In both cases the signal propagates into the stratosphere and is a significant part of the variability of mixing ratio up to about 10 mbar in the tropics and in the lowest part of the extratropical stratosphere. The rate of propagation and the amplitude variation represent information about stratospheric transport.
A major goal of this work is to illustrate that in general the phase lag of an oscillating signal and the lag of a linear trend are not timescales characterizing the same transport property. Although this point has been argued before in specific contexts [Hall and Prather, 1993; Hall and Plumb, 1994] , it deserves further elaboration, given recent interest in propagating oscillating tracer signals. The conceptual tool that we believe makes the point most transparent is the age spectrum. Unfortunately, the age spectrum is not directly observable in the real atmosphere; we perform numerical experiments with two chemical transport models (CTMs) to determine the simulated age spectra and illustrate our discussion of tracer signal propagation.
In section 2 we define the age spectrum formally. Section 3 provides details of the models employed and the setup of the numerical experiments. We present the model results for the age spectra in section 4, showing the mean age and periodic signal propagation. We discuss interpretations of periodic signal phases in section 5, and we conclude in section 6.
Age Spectrum-Definitions
The age spectrum was presented in a trajectory calculation study of a model stratosphere by Kids [1983] and formally developed by Hall and Plumb [1994] . We present a brief general discussion here, referring readers to Hall and Plumb [1994] for more details.
The age spectrum is the function G(t,x, xo) such that G(t, x, xo)dt is the mass fraction of air at point x that had transit time between t and t + dt from point xo. Alternatively, with trajectory studies of irreducible fluid elements or particles in mind, the spectrum may be viewed as proportional to the number distribution of particles binned by their transit times from x to xo. The age spectrum is the Green's function of the assumed stationary continuity equation governing the atmospheric transport of a conserved tracer. Thus, if n(t, x) is the mixing ratio of a conserved tracer in the stratosphere, and n(t, xo) is the known tracer mixing ratio at at the surface, then -xo)d' The age spectrum is a particularly useful conceptual tool in the stratosphere, because if the source is in the troposphere, the stratospheric response is only weakly dependent on its specific location. For example, CO2 has a geographically varied pattern of sources and sinks, and thus, in principle, the atmospheric response to an impulse with a CO2-1ike surface distribution is an average of the age spectra at each surface point weighted by the CO2 mixing ratio at the point (see appendix A of Plumb and McConalogue [1988] for a more formal discussion). However, the atmospheric response to CO2 loses zonal asymmetry rapidly with height, and in the upper troposphere and stratosphere, CO2 is essentially independent of the longitudal structure of source and sink [Heimann eta/., 1989]. This fact implies that the [Prather, 1986] that is mass conservative and exhibits low numerical dif- From here on we use "CCM2" to refer to the RaschWilliamson CTM driven by MACCM2 winds data and "GISS" to the Prather CTM driven by GISS wind data.
Experiment Details
The age spectrum with respect to a surface point Xo is the model response to a boundary condition at xo having a delta function time dependence. As we noted above, the stratospheric response is not sensitive to the position or extent of the boundary condition region. For these runs the region consists of a zonal band cen-(7.8øS to 7.8øN for GISS and 2.8øS to 2.8øN for CCM2).
In both models the region extends vertically over the lowest three model levels, corresponding to about 1 km for GISS and 0.75 km for CCM2. To approximate the delta function time dependence the mixing ratio is set to an arbitray nonzero value for the first time step and is subsequently held at zero. From a start date of October i we ran GISS and CCM2 for 20 model years, saving instantaneous three-dimensional mixing ratio fields every 15 days. Note that in each run a single year of wind data is used, and thus no interannual transport variability is modeled.
Modeled Age Spectra
The age spectrum allows us to understand the model response to various time-dependent forcings in a unified fashion. In the process we can gain insight into observed tracer signals in the real atmosphere and how they relate to atmospheric transport timescales. We first focus on the mean age, and then the shape of the spectra and propagating signals. We present zonally averaged quantities; timescales referred to in the discussion are understood to have been averaged about a latitude cir- There are large differences between the two models in both the vertical and horizontal gradients. The CCM2 r distribution is more realistic, matciting well r determined from measurements of SF6 by both aircraft 
Interpreting the Phase Propagation
The model results show that the response to an oscillating signal is quite different from the response to (Figures 2 and 3) . In the lower tropical stratosphere of the models the spectra are sharply peaked with only a low-amplitude tail. The long tail draws P away from ru. However, it adds litfie to the response of the oscillating forcing, as several cycles are averaged. Only the peak region will contribute significantly to the response. If this region is narrow enough in comparison with the period of the forcing, then r• • ru.
If the age spectra in the real atmosphere broadened more rapidly with height than the model spectra, the connection between rM and r• would be less robust.
However, more rapid broadening would also mean more rapid attenuation of the amplitude of periodic tracer signals. In fact, •he opposite is true: the atmosphere attenuates the amplitude significantly less strongly than either mode!, implying narrower spectra than the models predict. This finding can be seen in Figure 6 Higher-frequency components attenuate more rapidly and propagate more quickly. Thus, if a time-dependent forcing has a range of frequency components, its shape will change as it propagates; it will evolve so that its time signal away from the source is closer to the basest mode. The phase change of the minimum extrema of a cycle is not, in general, equal to that of the maximum, as the duration from minimum to maximum may vary.
Although r• is not everywhere readily related to bulk transport properties, one general observation is that it is everywhere less than P. We argue in the appendix that this result is true for any age spectrum having a !cng tail. 
Thus it is the asymmetry of the age spectrum, as summarized by P,,(x), that is responsible for the difference between phase lag and mean age. The essence of this asymmetry is most apparent to us in the descriptive limit of irreducible fluid elements ("particles") of vanishing mass, undergoing statistical motion. Diffusive aspects to the mass transport guarantee that there are paths for particles of arbitrarily long duration connecting some point xo to some other point x. The probability of a particle taking a particular long duration path may be vanishingly small, but not zero. Thus whatever the most common transit time from xo to x (the modal time rM), there are arbitrarily longer times taken by at least some particles. On the other hand, times shorter than rM must still be greater than zero; hence the positive asymmetry (Yl,(x) > 0). By (AS), then, r• < P for small co.
We are not able to be general away from the lowfrequency regime. Instead we look at specific age spectra. Hall and Plumb [1994] found the age spectrum for a one-dimensional mass weighted diffusion equation with uniform scale height and diffusion coefficient and gave an expression for the response to an oscillating source.
Combining their equation (28) 
spectra (one-dimensional diffusion and CCM2 model)
we conclude that r• • P for all
